Introduction {#sec1}
============

Hepatocellular carcinoma (HCC) is one of the most common primary tumors in the world, especially in Asia, Africa, and Southern Europe, and it is the third and second major causes of cancer-related mortality worldwide and in China, respectively.[@bib1] The hereditary and epigenetic variations in cancer stem cells (CSCs) could result in the occurrence and development of tumors by causing malignant changes in normal stem cells or progenitor cells.[@bib2] The current evidence has verified that hepatic CSCs are responsible for recurrence and metastasis after HCC resection, thus shedding light on the potential role of CSCs in the clinical management of HCC and the improvement of the survival of patients with HCC.[@bib3]

Previous findings have shown that long non-coding RNAs (lncRNAs) can be used as "sponges" to regulate microRNAs (miRNAs) and prevent their binding to mRNAs.[@bib4] lncRNAs harbor miRNA-response elements and integrate with the protein-coding RNA sequences to exert important functions in various biological processes and disease pathogeneses.[@bib5] In the present study, LINC01224 was identified as the candidate lncRNA associated to HCC based on data retrieved from The Cancer Genome Atlas (TCGA) database. Next, we computationally predicted what downstream mRNAs could be bound by LINC01224 and found that miR-330-5p could be specifically bound by LINC01224. The interaction between lncRNAs and miR-330-5p has been widely reported to function in various diseases and pathological processes such as non-small-cell lung cancer (NSCLC), epithelial ovarian cancer, and oxidative stress and inflammation response.[@bib6], [@bib7], [@bib8] It has been found that overexpression of miR-330-5p could lead to repressed cell growth in NSCLC by downregulating its target gene NOB1, thus acting as a promising target for the treatment of this cancer.[@bib9] lncRNA EWSAT1 has also been identified to bind to miR-330-5p to participate in the development of cancers such as nasopharyngeal carcinoma and ovarian cancer.[@bib10]^,^[@bib11] miRNAs can inhibit the translation of their target mRNAs, or cause their degradation, thereby silencing protein expression. We further predicted the downstream target gene of miR-330-5p as checkpoint kinase 1 (CHEK1). As an anticancer target previously highlighted in diverse types of cancers, including HCC, CHEK1 is activated to phosphorylate key regulators associated with cell proliferation, cell-cycle arrest, apoptosis, DNA repair, and transcription in response to the presence of unreplicated DNA or DNA damage.[@bib12] Therefore, the main objective of the current study was to investigate the roles of LINC01224, miR-330-5p, and CHEK1 in the regulation of the CSC characteristics of HCC and their interaction during this modulation.

Results {#sec2}
=======

The Potential Involvement of LINC01224, CHEK1, and miR-330-5p in HCC {#sec2.1}
--------------------------------------------------------------------

According to differential analyses of HCC samples and normal samples retrieved from TCGA database, 18 lncRNAs were found to be differentially expressed in the HCC samples ([Table 1](#tbl1){ref-type="table"}), among which LINC01224 and LINC00176 were identified to be significantly upregulated in the HCC samples ([Figure 1](#fig1){ref-type="fig"}A). A literature search regarding the functions of these two lncRNAs in HCC revealed that LINC00176 has been previously reported to regulate the development of HCC[@bib13] while the role of LINC01224 in HCC has rarely been reported. Further prediction of the location of LINC01224 by RNA-fluorescence *in situ* hybridization (FISH) revealed that LINC01224 was mainly expressed in the cytoplasm ([Figure 1](#fig1){ref-type="fig"}B). The RNA22 database was used to predict the downstream regulatory miRNAs of LINC01224, revealing a binding region between the LINC01224 gene sequence and the miR-330-5p sequence. Additionally, it has been widely reported that miR-330-5p interacts with lncRNAs to exert a regulatory function in various diseases and pathological processes.[@bib6], [@bib7], [@bib8] However, the role of miR-330-5p in HCC has rarely been studied. To further understand the mechanism of LINC01224 and miR-330-5p in HCC, the mirDIP and RNA22 databases were used to predict the downstream target genes of miR-330-5p. The prediction results were intersected with the analysis results of the upregulated genes from the HCC-related gene expression dataset [GSE45267](ncbi-geo:GSE45267){#intref0010} retrieved from the GEO database ([Figure 1](#fig1){ref-type="fig"}C), revealing 37 overlapping genes. Further protein-protein interaction analysis of these genes ([Figure 1](#fig1){ref-type="fig"}D) suggested that such genes as CHEK1 were in the core, and CHEK1 has been shown to participate in the regulation of multiple tumors, including HCC.[@bib14], [@bib15], [@bib16], [@bib17] Moreover, the expression of CHEK1 in HCC was further detected ([Figure 1](#fig1){ref-type="fig"}E), demonstrating that CHEK1 was highly expressed in HCC. All of these results and those of previous studies suggested that LINC01224 was likely to regulate miR-330-5p to mediate the expression of CHEK1, thus influencing the development of HCC.Table 1Eighteen Differentially Expressed lncRNAs in HCCNameLog Fold ChangeAverage Expressiontp ValueAdjusted p ValueBLINC006852.524174242−0.65939912912.478137781.48E−304.10E−2958.59842798LINC005282.227688863−0.02084014911.711598781.26E−272.50E−2651.89501799LINC011382.0366147920.81242817411.696606921.44E−272.83E−2651.76294051LINC002052.1391047251.13581231211.625941812.70E−275.14E−2651.14154566LINC001763.773103656−1.15641351510.505795254.33E−235.27E−2241.56479064LINC004822.0735853431.45314092510.033913532.16E−212.25E−2037.69818779LINC001062.0654209020.2578690999.2163967791.52E−181.20E−1731.24458696LINC014512.632866453−0.3141727518.2854913031.60E−159.99E−1524.37203712LINC00238−2.579094532−1.243347356−7.8277671036.07E−143.31E−1320.82997754LINC008962.269681578−0.5851295527.7319779068.39E−144.52E−1320.48766338LINC005112.832032183−1.7095208417.5398206452.99E−131.54E−1219.23696864LINC006282.059673784−2.4681801546.3602922116.37E−102.47E−0912.06413494LINC004882.488092973−3.0321887595.46504421.10E−073.51E−076.966823201LINC012243.497443671−2.1862458435.1685900134.30E−071.30E−065.903534764LINC01554−2.5280940352.502767441−4.6539286974.37E−061.19E−053.18959087LINC002002.363144133−3.1902385942.7777802950.0063926620.011392697−2.880634107LINC001132.732236088−1.1528896722.6099597610.0124912970.02111957−3.121074388LINC003172.136955228−1.9552426120.9484280140.3742363950.434933856−5.241039503Figure 1The Microarray Analysis Indicated the Potential Role of the LINC01224/miR-330-5p/CHEK1 Axis in HCC Progression(A) The expression of LINC01224 in HCC, in which the x axis represents the sample type, the y axis represents gene expression, and the number in the left upper corner is the p value. (B) Prediction results of the subcellular localization of LINC01224. (C) Downstream regulatory target genes of miR-330-5p predicted using the mirDIP and RNA22 databases and the upregulated genes identified from the HCC-related gene expression dataset [GSE45267](ncbi-geo:GSE45267){#intref0055}, in which the middle section refers to the intersection of the prediction results. (D) Correlation analysis of the target genes of miR-330-5p. (E) The expression of CHEK1 in HCC samples and normal samples in TCGA database.

LINC01224 and CHEK1 Are Highly Expressed and miR-330-5p Is Expressed Poorly in HCC {#sec2.2}
----------------------------------------------------------------------------------

The expression of LINC01224, miR-330-5p, and CHEK1 in HCC tissues and adjacent normal tissues collected from 57 HCC patients was determined by *in situ* hybridization (ISH) ([Figures 2](#fig2){ref-type="fig"}A and 2B) and immunohistochemistry (IHC) ([Figure 2](#fig2){ref-type="fig"}C). Results showed that the expression of LINC01224 and CHEK1 was higher while that of miR-330-5p was lower in HCC tissues than in adjacent normal tissues. Next, Pearson's correlation analysis was used to analyze the relationship between LINC01224, miR-330-5p, and CHEK1 in HCC tissues ([Figures 2](#fig2){ref-type="fig"}D--2F). It was revealed that miR-330-5p shared negative correlations with LINC01224 and CHEK1, and LINC01224 shared a positive correlation with CHEK1. Further analysis on the association between LINC01224 and miR-330-5p and clinicopathologic features of HCC patients identified that the expression of LINC01224 and miR-330-5p shared correlations with tumor-node-metastasis (TNM) stage and distant metastasis (p \< 0.01) ([Table 2](#tbl2){ref-type="table"}). Collectively, high expression of LINC01224 and low expression of miR-330-5p were associated with tumor progression.Figure 2LINC01224 and CHEK1 Were Highly Expressed and miR-330-5p Was Poorly Expressed in HCC(A) LINC01224 expression in HCC tissues and adjacent normal tissues determined by ISH (×200). (B) miR-330-5p expression in HCC tissues and adjacent normal tissues determined by ISH (×200). (C) CHEK1 expression in HCC tissues and adjacent normal tissues detected by IHC (×200). (D) Pearson's correlation analysis for correlation between LINC01224 and miR-330-5p in HCC tissues. (E) Pearson's correlation analysis for correlation between LINC01224 and CHEK1 in HCC tissues. (F) Pearson's correlation analysis for correlation between miR-330-5p and CHEK1 in HCC tissues. Data are expressed as mean ± SD. Comparisons among multiple groups were analyzed by one-way ANOVA. The experiment was repeated three times. n = 57.Table 2Correlation Between the Expression of LINC01224 or miR-330-5p and Clinicopathologic Characteristics of HCC PatientsClinicopathologic Characteristicsn = 57LINC01224 Expressionp ValuemiR-330-5p Expressionp ValueLowHighLowHigh**Age (years)**≤604221210.50622200.700\>60159678**Sex**Male3321120.05116170.672Female2491578**TNM Stage**I18126\<0.005117\<0.005II241771410III91881IV60660**Tumor Size (cm)**≤34524210.83720250.060\>3126693**Distant Metastasis**M034286\<0.005925\<0.005M123221203

The SMMC-7721 and HuH-7 HCC Cell Lines Were Selected for Subsequent Experiments {#sec2.3}
-------------------------------------------------------------------------------

The expression levels of LINC01224 and miR-330-5p in normal cell line L-02 and HCC cell lines were further detected by qRT-PCR. As shown in [Figure 3](#fig3){ref-type="fig"}, compared with the L-02 cell line, the expression levels of LINC01224 in the HCC cells lines showed a significant increase (p \< 0.05): L-02 \< HepG2 \< HuH-7 \< Bel-7402 \< SMMC-7721. However, the expression level of miR-330-5p was significantly lower in the HCC cell lines (p \< 0.05): L-02 \> HepG2 \> HuH-7 \> Bel-7402 \> SMMC-7721. Hence, the SMMC-7721 and HuH-7 HCC cell lines were selected for the subsequent experiments.Figure 3SMMC-7721 and HuH-7 Cell Lines Were Selected for the Subsequent ExperimentsData are expressed as mean ± SD. Comparisons among multiple groups were analyzed by one-way ANOVA. The experiment was repeated three times. \*p \< 0.05 versus the L-02 cell line.

si-LINC01224 and miR-330-5p Mimic Affected the Expression of Apoptosis-Related Genes and Stem Cell Markers {#sec2.4}
----------------------------------------------------------------------------------------------------------

The levels of LINC01224, miR-330-5p, apoptosis-related genes, and stem cell markers in SMMC-7721 and HuH-7 cells were verified by qRT-PCR and western blot analysis ([Figure 4](#fig4){ref-type="fig"}). Overexpression of LINC01224 decreased expression of miR-330-5p and protein and mRNA expression of B cell lymphoma 2 (Bcl-2)-associated X protein (Bax) and elevated protein and mRNA expression of CHEK1, Octamer 4 (OCT4), CD133, sex determining region Y-box 2 (SOX2), and Bcl-2 (p \< 0.05), while small interfering RNA (siRNA)-mediated silencing of LINC01224 (si-LINC01224) resulted in elevated expression of miR-330-5p and protein and mRNA expression of Bax, as well as reduced protein and mRNA expression of CHEK1, OCT4, CD133, SOX2, and Bcl-2 (p \< 0.05).Figure 4Silencing of LINC01224 or Upregulation of miR-330-5p Affected the mRNA Levels of CHEK1, Apoptosis-Related Genes, and Stem Cell Markers(A) The LINC01224 and miR-330-5p expression and the mRNA expression of relevant genes in SMMC-7721 cells after the alteration of LINC01224 expression determined by qRT-PCR. (B) The protein expression of relevant genes in SMMC-7721 cells after the alteration of LINC01224 expression determined by western blot analysis. (C) The statistical analysis of panel B. (D) The LINC01224 and miR-330-5p expression and the mRNA expression of relevant genes in HuH-7 cells after the alteration of LINC01224 expression determined by qRT-PCR. (E) The protein expression of relevant genes in HuH-7 cells after the alteration of LINC01224 expression determined by western blot analysis. (F) The statistical analysis of panel E. (G) The LINC01224 and miR-330-5p expression and the mRNA expression of relevant genes in SMMC-7721 cells after the alteration of miR-330-5p expression determined by qRT-PCR. (H) The protein expression of relevant genes in SMMC-7721 cells after the alteration of miR-330-5p expression determined by western blot analysis. (I) The statistical analysis of panel H. (J) The LINC01224 and miR-330-5p expression and the mRNA expression of relevant genes in HuH-7 cells after the alteration of miR-330-5p expression determined by qRT-PCR. (K) The protein expression of relevant genes in HuH-7 cells after the alteration of miR-330-5p expression determined by western blot analysis. (L) The statistical analysis of panel K. ^\#^p \< 0.05 versus the vector group (cells transfected with empty plasmid) and the si-NC group (cells transfected with si-NC); ^&^p \< 0.05 versus the NC mimic group (cells transfected with NC mimic) and the anta-Ctrl group (cells transfected with anta-Ctrl). Data are expressed as mean ± SD. Comparisons among multiple groups were analyzed by one-way ANOVA. The experiment was repeated three times.

The transfection with miR-330-5p mimic elevated the expression of miR-330-5p, which increased protein and mRNA expression of Bax, while decreasing the expression of LINC01224 as well as protein and mRNA expression of CHEK1, OCT4, CD133, SOX2, and Bcl-2 (p \< 0.05). The transfection with miR-330-5p antagonist (anta-miR-330-5p) produced inhibition of miR-330-5p, resulting in the inverse expression profiles of the aforementioned mRNAs or proteins (p \< 0.05). These results together demonstrated that LINC01224 silencing or miR-330-5p overexpression decreased the levels of CHEK1, anti-apoptotic proteins, and stem cell markers.

LINC01224 Could Specifically Bind to miR-330-5p to Regulate CHEK1 {#sec2.5}
-----------------------------------------------------------------

The *in silico* analysis found that LINC01224 was enriched in the cytoplasm of most cells ([Figure 5](#fig5){ref-type="fig"}A), and prediction results from the RNA22 database revealed a specific binding region between the LINC01224 sequence and the miR-330-5p sequence ([Figure 5](#fig5){ref-type="fig"}B), suggesting that LINC01224 might regulate miR-330-5p. A Dual-Luciferase reporter assay was subsequently carried out to verify the regulatory relationship between LINC01224 and miR-330-5p. [Figure 5](#fig5){ref-type="fig"}C shows that in the presence of miR-330-5p mimic, the luciferase activity of LINC01224-wild-type (WT) was reduced (p \< 0.05), while that of the LINC01224 mutant (MUT) did not change (p \> 0.05), demonstrating that LINC01224 could specifically bind to miR-330-5p. The results of the RNA-FISH detection confirmed that LINC01224 was concentrated in the cytoplasm ([Figure 5](#fig5){ref-type="fig"}D). In addition, prediction results from the RNA22 database suggested a specific binding region between the CHEK1 gene sequence and the miR-330-5p sequence ([Figure 5](#fig5){ref-type="fig"}E), which was then verified by a Dual-Luciferase reporter assay ([Figure 5](#fig5){ref-type="fig"}F). Compared to the HCC cells transfected with the negative control (NC) mimic, the HCC cells transfected with miR-330-5p mimic exhibited a reduced luciferase activity for CHEK1-WT (p \< 0.05), but no significant difference in the luciferase activity of the CHEK1-MUT (p \> 0.05). These results demonstrated that CHEK1 was the target gene of miR-330-5p. In the following experiments, RNA immunoprecipitation (RIP) and RNA pull-down assays were conducted to verify the interaction between LINC01224 and miR-330-5p. As determined by RIP, LINC01224 and miR-330-5p could bind to the Argonaute 2 (Ago2) protein, and the expression of Ago2-bound LINC01224 and miR-330-5p was higher than that of immunoglobulin (Ig)G-bound LINC01224 and miR-330-5p ([Figure 5](#fig5){ref-type="fig"}G). The results of the RNA pull-down ([Figure 5](#fig5){ref-type="fig"}H) revealed that, compared with the Bio-Probe NC, the enrichment of miR-330-5p increased in response to transfection with Bio-LINC01224-WT (p \< 0.05). However, in contrast to the Bio-Probe NC, the Bio-LINC01224-MUT did not significantly alter miR-330-5p enrichment (p \> 0.05). All of these results provided evidence that LINC01224 could bind to miR-330-5p and thereby upregulate the expression of CHEK1.Figure 5LINC01224 Could Competitively Bind to miR-330-5p to Regulate CHEK1(A) Computational prediction analysis for subcellular localization of LINC01224. (B) The putative binding site between LINC01224 and miR-330-5p. (C) The binding relationship between LINC01224 and miR-330-5p identified by Dual-Luciferase reporter assay. \*p \< 0.05 versus the NC mimic group (cells transfected with NC mimic). (D) Subcellular localization of LINC01224 in HCC cells identified by RNA-FISH. (E) The putative binding site between miR-330-5p and CHEK1. (F) The binding relationship between miR-330-5p and CHEK1 identified by Dual-Luciferase reporter assay. \*p \< 0.05 versus the NC mimic group (cells transfected with NC mimic). (G) The binding of LINC01224 to miR-330-5p detected by RIP assay. (H) The binding of LINC01224 to miR-330-5p detected by RNA pull-down. \*p \< 0.05 versus the IgG group. Data are expressed as mean ± SD. Comparisons among multiple groups were analyzed by one-way ANOVA. The experiment was repeated three times.

Silencing of LINC01224 or Enhancement of miR-330-5p Inhibit Sphere and Colony Formation Properties of HCC Cells {#sec2.6}
---------------------------------------------------------------------------------------------------------------

Subsequently, the effects of LINC01224 and miR-330-5p on the formation of spheres and colonies were assessed in SMMC-7721 and HuH-7 cells. As shown in [Figures 6](#fig6){ref-type="fig"}A--6H, when compared to matched controls, the abilities to form spheres and colonies of SMMC-7721 and HuH-7 cells transfected with LINC01224 overexpression plasmid were enhanced, but such abilities were notably reduced by transfection with si-LINC01224 (p \< 0.05). In addition, no significant difference was observed between the cells transfected with empty plasmid and those transfected with siRNA against NC (si-NC) (p \> 0.05).Figure 6Downregulation of LINC01224 or Upregulation of miR-330-5p Attenuated the Ability of SMMC-7721 and HuH-7 Cells to Form Spheres and Colonies(A) Sphere formation in SMMC-7721 cells after alteration of LINC01224 expression. (B) The statistical analysis of panel A. (C) Sphere formation in HuH-7 cells after alteration of LINC01224 expression. (D) The statistical analysis of panel C. (E) Colony formation in SMMC-7721 cells after alteration of LINC01224 expression. (F) The statistical analysis of panel E. (G) Colony formation in HuH-7 cells after alteration of LINC01224 expression. (H) The statistical analysis of panel G. (I) Sphere formation in SMMC-7721 cells after alteration of miR-330-5p expression. (J) The statistical analysis of panel I. (K) Sphere formation in HuH-7 cells after alteration of miR-330-5p expression. (L) The statistical analysis of panel K. (M) Colony formation in SMMC-7721 cells after alteration of miR-330-5p expression. (N) The statistical analysis of panel M. (O) Colony formation in HuH-7 cells after alteration of miR-330-5p expression. (P) The statistical analysis of panel O. ^\#^p \< 0.05 versus the vector group (cells transfected with empty plasmid) and the si-NC group (cells transfected with si-NC). (I--L) Sphere formation in SMMC-7721 (I and J) and HuH-7 (K and L) cells transfected with miR-330-5p mimic or anta-miR-330-5p. (M--P) Colony formation abilities of SMMC-7721 (M and N) and HuH-7 (O and P) cells transfected with miR-330-5p mimic or anta-miR-330-5p. \*p \< 0.05 versus the control group (untransfected cells); ^&^p \< 0.05 versus the NC mimic group (cells transfected with NC mimic) and the anta-Ctrl group (cells transfected with anta-Ctrl). Data are expressed as mean ± SD. Comparisons among multiple groups were analyzed by one-way ANOVA. The experiment was repeated three times.

Alternatively, the abilities to form spheres and colonies of the cells transfected with anti-miR-330-5p were enhanced but those of SMMC-7721 and HuH-7 cells transfected with miR-330-5p mimic were evidently reduced in contrast to relative controls (p \< 0.05), while no significant difference was observed between the cells transfected with NC mimic and those transfected with control antagonist (anta-Ctrl) (p \> 0.05) ([Figures 6](#fig6){ref-type="fig"}I--6P). The above sphere and colony formation assays addressed that silenced LINC01224 or overexpressed miR-330-5p suppressed the formation of spheres and colonies in SMMC-7721 and HuH-7 cells.

Silencing of LINC01224 or Elevation of miR-330-5p Reduces the Viability, Migration, and Invasion of HCC Cells {#sec2.7}
-------------------------------------------------------------------------------------------------------------

To study the functions of LINC01224 and miR-330-5p on the viability, migration, and invasion of SMMC-7721 and HuH-7 cells, a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, scratch test, and Transwell assay were performed, respectively. The viability, migration, and invasion of SMMC-7721 and HuH-7 cells were notably elevated by transfection with LINC01224 overexpression plasmid, but evidently decreased by transfection with si-LINC01224 relative to matched controls (p \< 0.05). No significant difference was observed between cells transfected with empty plasmid and those transfected with si-NC (p \> 0.05) ([Figures 7](#fig7){ref-type="fig"}A--7J).Figure 7Silencing of LINC01224 or Upregulation of miR-330-5p Reduced the SMMC-7721 and HuH-7 Cell Viability, Migration, and Invasion(A and B) Viability of SMMC-7721 and HuH-7 cells after alteration of LINC01224 expression. (C) Migration of SMMC-7721 cells after alteration of LINC01224 expression. (D) The statistical analysis of panel C. (E) Migration of HuH-7 cells after alteration of LINC01224 expression. (F) The statistical analysis of panel E. (G) Invasion of SMMC-7721 cells (×200) after alteration of LINC01224 expression. (H) The statistical analysis of panel G. (I) Invasion of HuH-7 cells (×200) after alteration of LINC01224 expression. (J) The statistical analysis of panel I. (K and L) Viability of SMMC-7721 and HuH-7 cells (×200) after alteration of miR-330-5p expression. (M) Migration of SMMC-7721 cells after alteration of miR-330-5p expression. (N) The statistical analysis of panel M. (O) Migration of HuH-7 cells after alteration of miR-330-5p expression. (P) The statistical analysis of panel O. (Q) Invasion of SMMC-7721 cells (×200) after alteration of miR-330-5p expression. (R) The statistical analysis of panel Q. (S) Invasion of HuH-7 cells (×200) after alteration of miR-330-5p expression. (T) The statistical analysis of panel S. \*p \< 0.05 versus the control group (untransfected cells); ^&^p \< 0.05 versus the NC mimic group (cells transfected with NC mimic) and the anta-Ctrl group (cells transfected with anta-Ctrl). Data are expressed as mean ± SD. Comparisons among multiple groups were analyzed by one-way ANOVA. The experiment was repeated three times.

SMMC-7721 and HuH-7 cells transfected with anta-miR-330-5p exhibited increased viability, migration, and invasion, while the cells transfected with miR-330-5p mimic presented diminished viability, migration, and invasion (p \< 0.05). No significant difference was observed between the cells transfected with NC mimic and those transfected with anta-Ctrl (p \> 0.05) ([Figures 7](#fig7){ref-type="fig"}K--7T). These results verified that silencing LINC01224 or overexpressing miR-330-5p could reduce the growth, migration, and invasion properties of SMMC-7721 and HuH-7 cells.

Depletion of LINC01224 or Elevation of miR-330-5p Enhances the Apoptosis of HCC Cells {#sec2.8}
-------------------------------------------------------------------------------------

Afterward, the effects of silenced or overexpressed LINC01224 and miR-330-5p on the apoptosis of SMMC-7721 and HuH-7 cells were detected by conducting flow cytometry. It was observed that the transfection with LINC01224 overexpression plasmid resulted in a reduced proportion of cells in the G1 phase and an increased proportion of cells in the S phase, coupled with a significantly decreased apoptosis rate when compared with transfection with relative controls (p \< 0.05). The siRNA-mediated silencing of LINC01224 plasmid led to more cells arrested in the G1 phase and more apoptotic cells (p \< 0.05). No significant difference was observed between cells transfected with empty plasmid and those transfected with si-NC (p \> 0.05) ([Figures 8](#fig8){ref-type="fig"}A--8H).Figure 8The Silencing of LINC01224 Enhanced the Apoptosis Rate of SMMC-7721 and HuH-7 Stem Cells(A) The cell cycle distribution of SMMC-7721 cells after alteration of LINC01224 expression determined by flow cytometry. (B) The statistical analysis of panel A. (C) The cell apoptosis of SMMC-7721 cells after alteration of LINC01224 expression determined by flow cytometry. (D) The statistical analysis of panel C. (E) The cell cycle distribution of HuH-7 cells after alteration of LINC01224 expression determined by flow cytometry. (F) The statistical analysis of panel E. (G) The cell apoptosis of HuH-7 cells after alteration of LINC01224 expression determined by flow cytometry. (H) The statistical analysis of panel G. (I) The cell cycle distribution of SMMC-7721 cells after alteration of miR-330-5p expression determined by flow cytometry. (J) The statistical analysis of panel I. (K) The cell apoptosis of SMMC-7721 cells after alteration of miR-330-5p expression determined by flow cytometry. (L) The statistical analysis of panel K. (M) The cell cycle distribution of HuH-7 cells after alteration of miR-330-5p expression determined by flow cytometry. (N) The statistical analysis of panel M. (O) The cell apoptosis of HuH-7 cells after alteration of miR-330-5p expression determined by flow cytometry. (P) The statistical analysis of panel O. \*p \< 0.05 versus the control group (untransfected cells); ^\#^p \< 0.05 versus the vector group (cells transfected with empty plasmid) and the si-NC group (cells transfected with si-NC). (I--L) Flow cytometric detection and quantification of cell cycle (I and J) and apoptosis (K and L) of SMMC-7721 cells transfected with miR-330-5p mimic or anta-miR-330-5p. (M--P) Flow cytometric detection and quantification of cell cycle (M and N) and apoptosis (O and P) of HuH-7 cells transfected with miR-330-5p mimic or anta-miR-330-5p. \*p \< 0.05 versus the control group (untransfected cells); ^&^p \< 0.05 versus the NC mimic group (cells transfected with NC mimic) and the anta-Ctrl group (cells transfected with anta-Ctrl). Data are expressed as mean ± SD. Comparisons among multiple groups were analyzed by one-way ANOVA. The experiment was repeated three times.

Transfection with anta-miR-330-5p reduced the proportion of cells in the G1 phase and increased the proportion of cells in the S phase, coupled with a significantly decreased apoptosis rate (p \< 0.05), while transfection with the miR-330-5p mimic contributed to an increased number of cells arrested in the G1 phase and apoptotic cells (p \< 0.05). No significant difference was observed between cells transfected with NC mimic and those transfected with anta-Ctrl (p \> 0.05) ([Figures 8](#fig8){ref-type="fig"}I--8P). The results revealed that the apoptosis rate of SMMC-7721 and HuH-7 cells was promoted as a result of silencing LINC01224 or overexpressing miR-330-5p.

LINC01224 Strengthens the Malignant Phenotypes of HCC Cells by Upregulating CHEK1 {#sec2.9}
---------------------------------------------------------------------------------

To elucidate the effect of LINC01224 and CHEK1 on HCC cells, the cellular functions of SMMC-7721 and HuH-7 cells transfected with overexpressed (oe)-NC and si-NC, oe-LINC01224, and/or siRNA against CHEK1 (si-CHEK1) were assessed by a sphere and colony formation assay, MTT assay, scratch test, Transwell assay, and flow cytometry. When compared with the cells co-transfected with oe-NC and si-NC, the co-transfection with oe-LINC01224 and si-NC resulted in augmented abilities of sphere and colony formation, viability, migration, and invasion, less cells arrested in the G1 phase, and more cells in the S phase, coupled with a decreased apoptosis rate (p \< 0.05). However, silencing of CHEK1 impaired abilities of sphere and colony formation ([Figures 9](#fig9){ref-type="fig"}A, 9B, 9H, and 9I), viability ([Figures 9](#fig9){ref-type="fig"}C and 9J), migration ([Figures 9](#fig9){ref-type="fig"}D and 9K) and invasion ([Figures 9](#fig9){ref-type="fig"}E and 9L) induced by LINC01224 overexpression, diminished cell cycle arrest ([Figures 9](#fig9){ref-type="fig"}F and 9M), and rescued the apoptosis inhibited by LINC01224 overexpression ([Figures 9](#fig9){ref-type="fig"}G and 9N) (p \< 0.05). Therefore, LINC01224 positively controls CHEK1 to enhance the abilities of sphere and colony formation, viability, migration, and invasion and to reduce apoptosis.Figure 9LINC01224 Strengthens the Malignant Phenotypes of HCC Cells by Increasing CHEK1 ExpressionSMMC-7721 and HuH-7 cells were transfected with transfected with oe-NC and si-NC, oe-LINC0122, and/or si-CHEK1. (A--G) Sphere formation (A), colony formation (B), viability (C), migration (D), invasion (E), cell cycle (F), and apoptosis (G) of SMMC-7721 stem cells. (H--N) Sphere formation (H), colony formation (I), viability (J), migration (K), invasion (L), cell cycle (M), and apoptosis (N) of HuH-7 cells. \*p \< 0.05 versus the oe-NC + si-NC group (cells co-transfected with oe-NC and si-NC); ^\#^p \< 0.05 versus the oe-LINC01224 + si-NC group (cells co-transfected with oe-LINC01224 and si-NC). Data are expressed as mean ± SD. Comparisons among multiple groups were analyzed by one-way ANOVA. The experiment was repeated three times.

LINC01224 Facilitates Tumor Formation in Nude Mice by Increasing CHEK1 {#sec2.10}
----------------------------------------------------------------------

At last, the effects of LINC01224 and CHEK1 on tumor formation were verified by *in vivo* experiment. The nude mice were injected with HCC cells transduced with lentivirus expressing (LV)-oe-NC and LV-sh-NC, LV-oe-LINC01224, and/or LV-sh-CHEK1. It was observed that lentivirus-mediated overexpression of LINC01224 led to increased tumor volume and growth ([Figures 10](#fig10){ref-type="fig"}A--10C and 10G--10I) and elevated expression of CHEK1, OCT4, CD133, SOX2, and Bcl-2, but it decreased expression of miR-330-5p and Bax ([Figures 10](#fig10){ref-type="fig"}D--10F and 10J--10L) (p \< 0.05), while those changes could be reversed by silencing of CHEK1 (p \< 0.05). Taken together, LINC01224 had the effect of inducing tumor formation in nude mice via upregulating CHEK1.Figure 10LINC01224 Facilitated Tumor Formation in Nude Mice by Increasing CHEK1 ExpressionThe nude mice were injected with HCC cells transduced with LV-oe-NC and LV-sh-NC, LV-oe-LINC01224, and/or LV-sh-CHEK1. (A) The tumor morphology in nude mice. (B) The curve graph of tumor volume in nude mice at various time points. (C) The quantitative analysis of tumor weight in nude mice. (D) The expression of LINC01224, miR-330-5p, CHEK1, Bax, OCT4, CD133, SOX2, and Bcl-2 in nude mice determined by qRT-PCR. (E) Western blot analysis of CHEK1, Bax, OCT4, CD133, SOX2, and Bcl-2 proteins in nude mice. (F) The statistical analysis of panel E. \*p \< 0.05 versus the LV-oe-NC + LV-sh-NC group; ^\#^p \< 0.05 versus the LV-oe-LINC01224 + LV-sh-NC group. Data are expressed as mean ± SD. Comparisons among multiple groups were analyzed by one-way ANOVA. The experiment was repeated three times.

Discussion {#sec3}
==========

Accumulating evidence has verified that lncRNAs are involved in many cellular functions, and more and more attention has been focused on their effects on tumors.[@bib18] However, the role of LINC01224 in HCC has rarely been reported. Herein, a microarray analysis was conducted to identify the HCC-related differentially expressed lncRNA and the miRNA that bound to this candidate lncRNA. As a result, LINC01224 and miR-330-5p were selected for the following experiment. In addition, CHEK1 was determined as a target gene of miR-330-5p and was found to be highly expressed in HCC. Based on these analyses, this study was conducted to explore the role of the LINC01224/miR-330-5p/CHEK1 axis in HCC development. The results revealed that depletion of LINC01224 could inhibit the invasion, migration, and apoptosis resistance of HCC cells by downregulating CHEK1 via upregulating miR-330-5p.

The results demonstrated that silenced LINC01224 or elevated miR-330-5p could reduce the expression of OCT4, CD133, SOX2, and Bcl-2 and increase the expression of Bax, which suggested their roles in promoting the apoptosis of HCC cells and in inhibiting stemness. OCT4 and SOX2 are known as markers of stemness and have been shown to be elevated in cervical cancer (CaSki) sphere-forming cells.[@bib19] As a marker related to CSCs, CD33 has been reported to induce cancer cell invasion and metastasis.[@bib20] In addition, the Bcl-2 protein may bind and compete with executioner molecules, including Bax and Bak, thus inhibiting apoptosis.[@bib21] lncRNAs have been extensively studied in cancer studies due to their dysfunction in cancer, and they can serve as potential diagnostic biomarkers and therapeutic targets for cancer treatment, including HCC.[@bib22] A recent study showed that miR-330-5p suppressed cell proliferation and invasion in cutaneous malignant melanoma by suppressing tyrosinase (TYR) and protein disulfide-isomerase A3 (PDIA3) expression, thus serving as a potentially tumor-suppressive miRNA.[@bib23]

Furthermore, CHEK1 was also involved in the development of HCC. It has been previously reported that CHEK1 could cause radio-resistance in glioblastoma (GBM) cells, and its depletion enhanced the promotion of radiotherapy-induced cell apoptosis in GBM, thus serving as a biomarker for the treatment of GBM.[@bib24] Additionally, CHEK1 was found to be targeted by miR-195 to inhibit tumor growth, migration, and invasion of NSCLC.[@bib25] Based on the target prediction program and the Dual-Luciferase reporter assay, we found that CHEK1 was a target gene of miR-330-5p. As an attractive molecule that can target various genes encoding oncogenic proteins, miR-330-5p directly targeted the 3′ UTR of oncogenic MUC1 in pancreatic ductal adenocarcinoma (PDAC) cells, thus inhibiting tumor activities in PDAC both *in vitro* and *in vivo* and slowing down pancreatic carcinogenesis.[@bib26] Additionally, CHEK1 plays a critical role in chemoresistance of hepatocarcinoma to some anti-metabolite drugs, and attenuated CHEK1 phosphorylation caused by PHA-767491 treatment could be associated with enhanced *in situ* cell apoptosis.[@bib27] Furthermore, increased CHEK1 phosphorylation is involved in the cell cycle and apoptosis of colon cancer cells.[@bib28] Therefore, we may conclude that CHEK1 is responsible for the mechanism of LINC01224 in promoting the development of HCC, which was validated by our rescue experiments.

Additionally, the present study demonstrated that LINC01224 silencing or miR-330-5p overexpression suppressed the formation of spheres and colonies and proliferative, migrative, and invasive potentials of SMMC-7721 and HuH-7 cells. Recently, accumulated evidence has shown that lncRNAs regulated the expression of miRNAs in numerous cancers such as gastric cancer.[@bib12]^,^[@bib29]^,^[@bib30] In addition, this study showed that LINC01224 could bind to miR-330-5p in HCC. lncRNAs could mediate the expression of protein-coding genes at the transcriptional, post-transcriptional, and epigenetic levels, and play essential anti-oncogenic or oncogenic roles in tumor physiological processes, occurrence, and metastasis.[@bib31] For instance, lncRNA LINC00488 functions as a ceRNA to regulate hepatocellular carcinoma cell growth and angiogenesis through miR-330-5.[@bib32] Based on the above findings, we may come to the conclusion that LINC01224 increased CHEK1 to promote invasion and migration and to inhibit the apoptosis of HCC cells by binding to miR-330-5p.

Given our results, we concluded that the silencing of LINC01224 could function as a modulator of miR-330-5p to downregulate the expression of the oncogene CHEK1, thus inhibiting the development of HCC. This affords the possibility of potentially targeting LINC01224 in HCC treatment. However, further studies on the detailed molecular mechanisms underlying the role of LINC01224 as a regulator of miR-330-5p should be carried out before clinical applications can be developed in HCC therapies.

Materials and Methods {#sec4}
=====================

Ethics Statement {#sec4.1}
----------------

Written informed consent was obtained from all patients prior to the study. Study protocols involving human subjects were approved by the Ethics Committee of the Second Affiliated Hospital of Nanchang University and based on the Declaration of Helsinki. The protocol of animal experiments was approved by the Institutional Animal Care and Use Committee of the Second Affiliated Hospital of Nanchang University. The animal experiments were conducted based on minimized animal number and the least pain to experimental animals.

Bioinformatics Prediction {#sec4.2}
-------------------------

HCC gene expression data were downloaded from TCGA database (<http://cancergenome.nih.gov/>), and HCC-related gene expression datasets were retrieved from the GEO database. R software was employed to analyze the expression of LINC01224 in HCC. A differential expression analysis was conducted with the help of transcriptome profiling data in combination with the package edgeR of R software.[@bib33] False discovery rate (FDR) correction was applied to the p value using a multi-test package. FDR \< 0.05 and \[log~2~ (fold change)\] \> 1 were set as the thresholds to screen for differentially expressed genes (DEGs). The lncATLAS (<http://lncatlas.crg.eu/>) was used for the subcellular localization of the target lncRNA. The downstream regulatory miRNAs of LINC01224 were predicted using the RNA22 database (<https://cm.jefferson.edu/rna22/>), and the downstream target genes of miR-330-5p were predicted using the mirDIP (<http://ophid.utoronto.ca/mirDIP/index.jsp#r>) and RNA22 (<https://cm.jefferson.edu/rna22/>) databases. The STRING database was used for the correlation analysis of the potential target gene of miR-330-5p, and the UALCAN database (<http://ualcan.path.uab.edu/analysis.html>) was employed to further verify the expression of the CHEK1 gene in HCC.

Sample Collection {#sec4.3}
-----------------

HCC tissues and adjacent normal tissues were collected from 57 pathologically confirmed HCC patients who had received surgical treatment in the Second Affiliated Hospital of Nanchang University from November 2015 to September 2018. Those tissues were immediately frozen in liquid nitrogen after surgery and stored at −80°C. The enrolled patients included 33 males and 24 females with a mean age of 56 ± 3.20 years. None of the patients received any anti-cancer treatment before surgery. The cases were staged according to the TNM classification of the World Health Organization (WHO), and graded based on WHO criteria.

Cell Culture {#sec4.4}
------------

The human HCC cell lines HepG2, HuH-7, Bel-7402, and SMMC-7721 and the normal cell line L-02 were purchased from the Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China). The cells were maintained at 37°C and 5 mL/dL CO~2~ in RPMI 1640 medium (Invitrogen, Carlsbad, CA, USA) containing 10 g/dL fetal bovine serum (FBS) (Jiangsu Kete Biological Technology). When cell confluence reached 80%--90%, the cells were treated with 0.25 g/dL trypsin (Shanghai Rugi Biotechnology) for subculture.

Plasmid Construction and Cell Treatment {#sec4.5}
---------------------------------------

According to the known LINC01224, miR-330-5p, and CHEK1 sequences from the NCBI, empty plasmid, LINC01224 overexpression plasmid, si-LINC01224, si-CHEK1, miR-330-5p mimic and anta-miR-330-5p, si-NC, NC mimic, and anta-Ctrl were constructed by Shanghai Sangon Biological Engineering Technology & Services (Shanghai, China). HCC cells at passage 3 were treated with trypsin and then seeded into 24-well plates, and the medium was discarded when the cells grew into a monolayer. Subsequently, the HCC cells were transfected with the use of 100 pmol of plasmid diluted in 250 μL of serum-free Opti-MEM (51985042, Gibco-BRL, Gaithersburg, MD, USA) and 5 μL of Lipofectamine 2000 diluted in 250 μL of serum-free Opti-MEM, as per the specifications of Lipofectamine 2000 (11668-019, Invitrogen, Carlsbad, CA, USA). Under conditions of 37°C and 5% CO~2~, the medium was renewed after 6--8 h. The transfected cells were harvested after 24--48 h for subsequent experimentation.

RNA Isolation and Quantitation {#sec4.6}
------------------------------

The total RNA of the cells was extracted after transfection using an miRNeasy Mini Kit (217004, QIAGEN, Hilden, Germany). The primers were designed and synthesized by Takara Biotechnology (Dalian, China) ([Table 3](#tbl3){ref-type="table"}). RNA was reversely transcribed into cDNA by a PrimeScript reverse transcriptase kit (RR036A, Takara Biotechnology, Dalian, China). Poly(A)-tailed reverse transcription was performed for miRNA using the Mir-X miRNA first-strand synthesis kit (638315, Clontech, Mountain View, CA, USA). Quantitative real-time PCR was carried out using the reaction liquid according to the instructions of the SYBR Premix Ex Taq II kit (RR820A, Takara Biotechnology, Dalian, China). U6 was used as the internal reference for miR-330-5p, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for the internal reference for LINC01224, CHEK1, OCT4, CD133, SOX2, Bax, and Bcl-2. The calculation of mRNA expression was carried out using the 2^−ΔCT^ method as follows: ▵Ct = ▵Ct~(HCC\ group)~ − ▵Ct~(control\ group)~, ▵Ct = Ct~(target\ gene)~ − Ct~(internal\ reference)~.[@bib34] The experiment was repeated three times.Table 3The Primer Sequences of LINC01224, miR-330-5p, CHEK1, OCT4, CD133, SOX2, Bax, Bcl-2, and GAPDH used for qRT-PCRGenesSequence (5′→3′)LINC01224F: 5′-AGAGCTTGGGATCGCTTTCTG-3′R: 5′-TTACTCAGGTGCCTTTCCCAC-3′miR-330-5pF: 5′-TCTCTGGGCCTGTGTCTTAGGC-3′R: 5′-CTAAGACACAGCCCAGAGATT-3′CHEK1F: 5′-TCTTTGGACTCGCTCAAGAAGCCT-3′R: 5′-ATTTCAACCTTCGGTGTGCTTGGG-3′OCT4F: 5′-CTTCTCCCCCCCTCCCACCT-3′R: 5′-ACAACCCCCACCCTCAC-3′CD133F: 5′-GATTCATACTGGTGGCTGGGTGG-3′R: 5′-GGAGGTGAAGGTGCCGTAAGT-3′SOX2F: 5′-AGTGGAAACTTTTGTCGGAGAC-3′R: 5′-GTTCATGTGCGCGTAACTGT-3′BaxF: 5′-CCCTTTTGCTTCAGGGTTTC-3′R: 5′-GCCACTCGGAAAAAGACCTC-3′Bcl-2F: 5′-CGCCCTGTGGATGACTGAGTA-3′R: 5′-GGGCCGTACAGTTCCACAAAG-3′U6F: 5′-CTCGCTTCGGCAGCACA-3′R: 5′-AACGCTTCACGAATTTGCGT-3′GAPDHF: 5′-ACCTGACCTGCCGTCTAGAA-3′R: 5′-TCCACCACCTGTTGCTGTA-3′[^2]

Western Blot Analysis {#sec4.7}
---------------------

Total protein was extracted from the tissues and cells using a radioimmunoprecipitation assay (RIPA) kit (R0010, Solarbio Technology, Beijing, China). After being separated by PAGE, the protein was transferred to a nitrocellulose membrane and blocked with 5% BSA for 1 h at room temperature. The membrane was incubated with diluted rabbit monoclonal antibodies specific for CHEK1 (ab40866, Abcam, Cambridge, UK), CD133 (ab19898, Abcam, Cambridge, UK), OCT4 (ab19857, Abcam, Cambridge, UK), SOX2 (ab92494, Abcam, Cambridge, UK), Bax (ab32503, Abcam, Cambridge, UK), and Bcl-2 (ab32124, Abcam, Cambridge, UK) at 4°C for 12 h. The membrane was incubated with horseradish peroxidase (HRP)-labeled goat anti-rabbit IgG antibodies (Zhongshan Biotechnology, Beijing, China, diluted at 1:5,000) and then reacted with enhanced chemiluminescence solution (ECL808-25, Biomiga, San Diego, CA, USA) for 1 min at room temperature. X-ray images (36209ES01, Qianchen Biological Technology, Shanghai, China) were acquired. Using β-actin as the internal reference, the ratio of the gray value of the target band to the inner reference band was used as the relative expression of the protein. Each experiment was repeated three times.

RNA-FISH Detected the Location of LINC01224 in Cells {#sec4.8}
----------------------------------------------------

To separate the nucleus and cytoplasm using the RNA-FISH kit (F32954, Thermo Fisher Scientific, San Jose, CA, USA), the transfected cells were trypsinized, centrifuged, and allowed to grow on slides. The slides were dried for 15--30 min at 50°C, rinsed with 2× saline sodium citrate (SSC) washing buffer at room temperature for 5 min, and immersed in alcohol (70%, 80%, and anhydrous) at room temperature. The slides were mounted with the probe (0.1--0.2 ng/μL). After that, the slides were placed in a hybridization instrument, followed by denaturation at 85°C for 5 min, hybridization at 45°C, and incubation overnight for 12--16 h. After that, the slides (with the sealing film removed) were immersed in 2× SSC at 68°C for 2 min. After being dried, the slides were supplemented with DAPI. The mounted slides were observed under the microscope.

Dual-Luciferase Reporter Assay {#sec4.9}
------------------------------

The biological prediction website RNA22 (<https://cm.jefferson.edu/rna22/>) was used to predict whether LINC01224 regulated miR-330-5p and whether CHEK1 was a direct target gene of miR-330-5p. The pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega, Madison, WI, USA) plasmid was employed to generate a pmirGLO-LINC01224-WT vector and a pmirGLO-LINC01224-MUT vector. The target sequence and mutation sequence of CHEK1 mRNA were designed according to the sequence of the 3′ UTR zone of CHEK1 mRNA binding to miR-330-5p and cloned into the PUC57 vector using XhoI and NotI endonuclease cleavage sites. After identification of the positive clones, the synthesized fragments were subcloned to a psiCHECK-2 vector and transformed into *Escherichia coli* DH5α cells for amplification to generate CHEK1-WT and CHEK1-MUT plasmids. The generated plasmids were respectively co-transfected with miR-330-5p mimic or NC mimic for 48 h. Luciferase activity was measured by a Promega Glomax 20/20 luminometer (E5311, Shanxi Zhongmei Biotechnology, Shanxi, China). Each experiment was repeated three times.

RIP Assay {#sec4.10}
---------

The binding of LINC01224 and miR-330-5p to Ago2 was detected using RIP kits (Millipore, Bedford, MA, USA). Cells were lysed and centrifuged at 14,000 rpm at 4°C for 10 min to collect the supernatant. A portion of the cell lysate was taken as input and the remaining part was incubated with magnetic bead-coated antibodies for coprecipitation. In brief, 50 μL of magnetic beads was resuspended in 100 μL of RIP wash buffer. The magnetic beads were incubated with 5 μg of antibodies at room temperature for 30 min. The complex of magnetic beads and antibodies was resuspended in 900 μL of RIP wash buffer and incubated overnight at 4°C with the addition of 100 μL of cell lysate. The samples were placed in the magnetic base and the complex of magnetic beads and antibodies was collected. The samples and input were attached with protease K to extract RNA for subsequent qRT-PCR. The antibodies used for RIP were Ago2 (ab32381, 1:50, Abcam, Cambridge, UK) and IgG (1:100, ab109489, Abcam, Cambridge, UK), which was used as the NC.

RNA Pull-Down {#sec4.11}
-------------

A total of 1 μg of biotin-labeled RNA was added into the Eppendorf (EP) tube using the Magnetic RNA-Protein Pull-Down Kit (Pierce, Rockford, IL, USA). With the addition of 500 μL of structure buffer, the RNA was placed in a water bath at 95°C for 2 min. After full resuspension of the magnetic beads, 50 μL of magnetic bead suspension was added into the EP tube overnight at 4°C and centrifuged at 3,000 rpm for 3 min, followed by the removal of the supernatant. After the addition of 500 μL of RIP wash buffer three times, the beads were added along with 10 μL of cell lysate, and the mixture was allowed to stand at room temperature for 1 h. The incubated magnetic bead-RNA-protein complex was centrifuged at a low speed. Then the supernatant was collected and washed with 500 μL of RIP wash buffer three times according to the manufacturer's instructions. With the supernatant of 10 μL of cell lysate as the assay input, the expression of miR-330-5p was detected.

Sphere Formation Assay {#sec4.12}
----------------------

HCC cells were cultured in DMEM (11965092, Thermo Fisher Scientific) containing 10% FBS in an incubator containing 5% CO~2~ at 37°C. When cell confluence reached 80%, the cells were resuspended in a stem-cell-conditioned medium. Next, the cells were plated in six-well cell culture plates with ultralow adhesion and cultured for 6 days in an incubator containing 5% CO~2~ at 37°C. When the tumorspheres grew to 50 μm, the cell suspension was collected and centrifuged at 600 rpm for 5 min. In the next step, the tumorspheres were detached with 0.25% trypsin/0.02% EDTA in a 37°C incubator for 2 min, dissociated into single cells, and then centrifuged at 1000 rpm in 5 mL of PBS at 18°C for 5 min before the supernatant was discarded. The cells were resuspended in the stem-cell-conditioned medium. The cells were then counted and the experiment was conducted three times to obtain the average values. The cells were then plated in a six-well cell culture plate with ultralow adhesion (ultralow plates, Becton Dickinson, NJ, USA) in an incubator containing 5% CO~2~ at 37°C.

Colony Formation in Soft Agar {#sec4.13}
-----------------------------

To prepare the bottom agar, 0.7% agarose was added to fresh DMEM medium. Next, 2 mL of agar was placed in a dish (100-mm diameter) until the agar was evenly spread on the bottom, and the dish was preserved for the subsequent experiment after cooling and solidification. After that, 1 mL of cell suspension and an equal volume of 0.7% agarose solution were diluted to obtain a 0.35% agarose cell mixture. Subsequently, the cells were inoculated at a density of 11 × 10^4^ cells/100 cm^2^. Three replicates were prepared. After solidification, the upper agar was supplemented with 2--3 mL of medium at 37°C and cultured under 5% CO~2~ for 1 month (the medium was changed every 2--3 days). Cells were counted and images were acquired with an inverted microscope. A cell mass containing ≥50 cells was judged as one colony. This experiment was conducted three times to obtain an average colony formation count.

MTT Assay {#sec4.14}
---------

When cells reached 80% confluence posttransfection, a single-cell suspension was prepared. The cells were counted and seeded in a 96-well plate (3 × 10^3^ to 6 × 10^3^ cells/well, 0.2 mL/well). Six replicates were prepared. At 24, 48, and 72 h after culture, the cells were incubated with a medium containing 10% MTT (5 g/L) (GD-Y1317, Guduo Biotech, Shanghai, China) for 4 h. Next, each well was supplemented with 100 μL of DMSO (D5879-100ML, Sigma-Aldrich, St. Louis, MO, USA). When the formazan crystals were fully dissolved, the optical density (OD) of each well was measured at 490 nm using a microplate reader (Nanjing Detie Experimental Equipment, Jiangsu, China). A cell viability curve was drawn with time as the abscissa and the OD value as the vertical axis. This experiment was conducted three times.

Scratch Test {#sec4.15}
------------

The cells were seeded in six-well plates 48 h posttransfection. When the cells grew to confluence, the medium was replaced with a serum-free DMEM culture medium (Thermo Fisher Scientific, San Jose, CA, USA). When cell confluence reached 90%--100%, a thin scratch was created in the bottom of the six-well plate with a 10-μL pipette (four to five scratches per well, and the width of each scratch was the same). The cell migration distance of the scratched area of the cells was observed using an inverted microscope 0 and 24 h after the scratch was created. Several fields were randomly selected and their images were acquired to count the migrated cells. Three replicates were performed. The experiment was conducted three times.

Transwell Assay {#sec4.16}
---------------

After 48 h of transfection, the cells were trypsinized after 24 h of starvation in a serum-free medium and then resuspended in serum-free Opti-MEM (31985008, Nanjing Senbeijia Biotech, Jiangsu, China) containing 10 g/L BSA. The cell density was adjusted to 3 × 10^4^ cells/mL. The basolateral chamber was placed in a 24-well plate. The upper surface of the basement membrane of the basolateral chamber was embedded with Matrigel (1:8, 40111ES08, Shanghai Yeason Biotechnology, Shanghai, China) and air-dried at room temperature. After routine trypsinization, the cells were resuspended in RPMI 1640 medium to a density of 1 × 10^5^ cells/mL. In the next step, 200 μL of cell suspension was added into the upper chamber of the basolateral chamber compartment containing Matrigel, and 600 μL of RPMI 1640 medium containing 20% FBS was added into the basolateral chamber. After routine trypsinization for 24 h and removal of the cells on the inner surface, the basolateral chamber was fixed in 4% paraformaldehyde for 15 min and stained by a 0.5% crystal violet solution (made with methanol) for 15 min. Five fields were randomly selected and their images were acquired with an inverted microscope (XDS-800D, Shanghai Caikon Optical Instruments, Shanghai, China). Three replicates were performed. The experiment was conducted three times to obtain the average.

Flow Cytometry {#sec4.17}
--------------

After 48 h of transfection, the cells were trypsinized and centrifuged at 1,000 rpm/min for 5 min at 4°C to remove the supernatant. Then, cells were fixed in 70% ethanol at 4°C overnight and centrifuged at 1,000 rpm/min for 5 min. In the next step, the cells were incubated with 10 μL of RNase enzyme at 37°C for 5 min and stained for 30 min with 1% propidium iodide (PI) (40710ES03, Qianchen Biological Technology, Shanghai, China) in the dark. Red fluorescence at 488 nm was measured to assess cell cycle progression using a flow cytometer (FACSCalibur, BD, FL, NJ, USA). The experiment was repeated three times.

After 48 h of transfection, the cells were detached with EDTA-free trypsin, collected, and centrifuged at 1,000 rpm/min for 5 min at 4°C and the supernatant was discarded. An annexin V-fluorescein isothiocyanate (FITC)/PI apoptosis detection kit (CA1020, Beijing Solarbio Science & Technology, Beijing, China) was used for the detection of apoptosis. A mixture of annexin V-FITC and binding buffer was prepared in a 1:40 proportion. The cells were resuspended and incubated for 30 min at room temperature. Subsequently, the cells were incubated with PI and binding buffer (1:40) and incubated for 15 min at room temperature. Finally, flow cytometry was used to detect cell apoptosis. The experiment was repeated three times.

Xenograft Tumor in Nude Mice {#sec4.18}
----------------------------

A total of 30 BALA/C nude mice (aged 4 weeks; weighing 18--25 g; without gender limitation) were provided by the Experimental Animal Center of the Department of Medicine of Nanchang University (Jiangxi, China). The nude mice were subcutaneously injected with the SMMC-7721 cells (1 × 10^5^) stably transduced with lentivirus expressing oe-NC (LV-oe-NC) and lentivirus expressing sh-NC (LV-sh-NC), lentivirus expressing oe-LINC01224 (LV-oe-LINC01224) and LV-sh-NC or LV-oe-LINC01224, and lentivirus expressing CHEK1 (LV-sh-CHEK1). Lentivirus was purchased from Shanghai GenePharma (Shanghai, China). After 10 days of inoculation, the tumor volume was measured and calculated according to the formula: volume = (longest diameter × shortest diameter2)/2 (unit = mm^3^). The nude mice were euthanized after the experiment. The curve of average tumor volumes at different time points was plotted.

Statistical Analysis {#sec4.19}
--------------------

Statistical analyses were conducted using SPSS 21.0 (IBM, Armonk, NY, USA). The results are expressed as the mean ± SD. Differences between two groups were compared by t tests. Differences among multiple groups were compared by a one-way ANOVA. A p value of \<0.05 was considered statistically significant.
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